The main goal of the present investigation was to the synthesis of bioactive TiO 2 nanoparticle-incorporated poly(methylmethacrylate)/polyetheretherketone nanocomposite for enhanced antibacterial and biocompatibility characteristics with suitable properties for manufacturing 3D printed stereolitographic dental prosthesis. The carboxylic acid-functionalized TiO 2 nanoparticles have been dispersed into the copolymer matrixes through emulsion polymerization method, and the structural and morphological properties were investigated by using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction, field emission scanning electron microscopy (FE-SEM), transmission electron microscopy, and energy dispersive Xray (EDX) analytical techniques. The FTIR spectrum of synthesized nanocomposites that shows high intense peaks at 2,970-2,850 cm −1 is related to the symmetric and asymmetric stretching C-H vibration of methyl and methylene groups of the polymer matrix. The microscopic results of nanocomposite exhibited that functionalized nanoparticles were effectively and uniformly dispersed into the polymer matrix in the absence of particle agglomerations, and it has been given excellent killing efficiency of 99% under dark conditions against bacterial pathogens Escherichia coli and Staphylococcus aureus and also exhibited favorable cell compatibility with dental pulp cells. This facile synthesized nanocomposite was efficaciously employed for denture manufacturing with stereolitographic technique.
Introduction
The composited dental resin has been extensively applied for dental caries restoration and other tooth defects instead of conventional blend alloys, owing to their excellent and effective advantages such as high esthetic quality, favorable mechanical properties, excellent biocompatibility, and easy handling. [1] [2] [3] [4] [5] Dental composite resins are generally designed of resin polymer matrixes with inorganic nano-fillers and initiating agents. [6] In the recent materials, researchers have increased large attentions on nano-inorganic materials assisted with organic hybrid composites because of their prospective applications in different areas such as sensors (bio-and chemical-), electronics, energy, plastic reinforcement, and particularly biomaterials for bone and dental regeneration applications. [7] [8] [9] [10] [11] The composites synthesized for dental restoration used by a combination of different shape and sized suitable inorganic nanoparticles encapsulated with the cold-cure acrylic polymeric matrix. These types of composited resins frequently consist of methacrylates, specifically poly(methyl methacrylate) (PMMA) and also poly ethyl methacrylate. The PMMA polymer matrixes have extensively been applied in dentistry restorations for widespread denture preparations due to their luxury processing for dental repair, cost-effective, tasteless, odorless nature, transparency, great suitability and biocompatibility to the patients, and also outstanding esthetic characteristics. [6, [12] [13] [14] Polyethereketone (PEEK) is a semicrystalline polymer (crystallinity = 30-35%), which has been applied as a potential material for the dental and bone implant due to its favorable glass transition temperature (143°C) and excellent elastic modulus for the ease of molding to 3D printed materials. [15, 16] The dispersion of effective inorganic nanoparticles into the polymeric composite resins can be progressed and greatly influenced by some potential resin restoration properties of nanoparticles such as suitable modulus, active flexural strength, wear resistance, and gloss retention. [17] [18] [19] The development of dental implants with titanium dioxide (TiO 2 )-based nanomaterials has become a topic of growing interest since the recent years. The nanostructures of TiO 2 have been employed in different efficient areas involving energy and biomedical applications due to their dielectric properties, high photo-catalytic behavior, high stability, excellent corrosion resistance, mechanical strength, and favorable biocompatibility in biological applications. [20, 21] A biologically active TiO 2 nanoparticle-incorporated material is always employed as a reinforced material for dental and bone implant regeneration coatings due to its excellent antimicrobial and biological activity. [22] [23] [24] [25] [26] Improving the antimicrobial properties of the synthesized composite resins was most helpful in monitoring secondary caries adjacent to the dental filling, which was investigated and reported as the main reason for many restoration failures. The biological characteristics of TiO 2 have been efficiently enhanced the antibacterial protection and osteoblast cell adhesion after the dental implant and also aggressively improved the self-healing characteristics by attaining a direct chemical bonding to the surrounding dental tissues. [27] [28] [29] [30] [31] In the present investigation, the morphologically improved TiO 2 nanoparticles have been introducing into the PMMA/PEEK copolymer composite resins for improving the antibacterial activity and biocompatibility. The homogeneous dispersions of TiO 2 nanoparticles in the composite resins and structural modifications were analyzed by microscopic and spectroscopic analyses. Afterward, evaluations for ion release, cytotoxicity, and antibacterial activity of the synthesized nanocomposites were also carried out. The favorable results and hypothesis of the current study are that the TiO 2 nanoparticle-incorporated nanomaterials are highly able to serve as effective reinforcement agents for dental composite resin with high antibacterial activity.
Materials and methods

Functionalization of TIO 2 nanoparticles
The nano-TiO 2 particles were functionalized with carboxylic acid (acrylic acid) according to the following method: First, the purchased 0.5 g of nano-TiO 2 particles were mixed to the 14.4 g of acrylic acid and 16 g hexane with small quantity of water to placed for sonication under ultrasonic processor instrument for 20 min at 0°C. Then, the above-prepared mixture was agitated at room temperature for 2 days. In the completion of the reaction, the milk-like mixture was formed, and it was separated by centrifugation at 12,000 rpm for 1 h. The precipitated material was repeatedly redistributed in ethyl alcohol (30 ml) and centrifuged again at 12,000 rpm for another 1 h to remove the acrylic acid residues adsorbed on the surface of TiO 2 nanoparticles. Finally, the resulting functionalized TiO 2 nanoparticles were dried under vacuum oven. [32] Synthesis of nano-TiO 2 -incorporated PMMA/PEEK nanocomposites
The carboxylic acid-functionalized TiO 2 powder was added into PEEK (1 wt%) solution, and the mixture was homogeneously dispersed under sonication for 1 h according to the previous literature described. [33] The TiO 2 /PEEK dispersion was added into methyl methacrylate (MMA) monomer solution in the jacketed reactor for the PMMA polymerization under equipped with stirred, reflux condenser under N 2 inlet atmosphere under emulsion polymerization process. [12] Then, the polymerization reaction started by increasing the temperature to 70°C with potassium persulphate initiator, and the reaction process was continued for 3 h for the PMMA polymerization on the TiO 2 / PEEK nanomaterials. The prepared nanocomposites were recuperated by precipitation and washed with alcoholic solvents to remove the excess of surfactant and other impurities. Finally, the resulting products were dried at 90°C for 12 h in an air oven.
Physical characterization details
X-ray diffraction (XRD; PANalytical's X'Pert PRO MRD diffractometer) investigations have been executed in CuKα radiation in the 2θ = 20−70°range. Fourier transform infrared spectroscopy (FTIR; SHIMADZU) analysis was observed using KBr disks in the region 400-4,000 cm
. Morphological surface and structural characterization of nano-TiO 2 -coated PEEK/PMMA was performed by scanning electron microscopy (SEM; Carl Zeiss AURIGA) combined with EDX and transmission electron microscopy (TEM; Hitachi H8100) operated at 200 kV. For TEM analysis, a drop of samples sonicated and deposited onto 200-mesh copper grids and permissible to dry before taking microscopic images.
Antibacterial analysis
The bacterial pathogen cultures (Escherichia coli and Staphylococcus aureus) were used for these antibacterial investigations. The microorganisms were cultured in sterilized nutrient broth and then incubated aerobically overnight at 37°C under shaking incubator. The antibacterial efficacy of nanoTiO 2 -incorporated PMMA/PEEK nanocomposites and their interactions of bacterial cell surface are the dynamic role that analyzes the antibacterial activity. In the current investigation, interactions between nano-TiO 2 nanoparticles and bacterial cell surface were studied by two different techniques (agar diffusion method and solution suspension). The decrease of viable bacteria was observed by calculating total viable counts at different intermissions of time. And the destruction of pathogen cell wall and death of the bacterial cells were displayed by using confocal laser scanning microscopic (CLSM) technique. Fluorescein isothiocyanate (FITC) stain was used for recognizing living cells on bacterial after nanoparticle addition. The FITC green fluorescent dye penetrates only undamaged (living) cell walls giving increase to fluorescence emission. The respective stain (0.5 µl) was added to bacterial cultured samples and then incubated for 10 min under appropriate conditions. The residual fluorescent stain was removed by using distilled water, and then, samples observed under CLSM (Nikon A1R, Nikon, Japan).
In vitro cell culture and cytocompatibility analysis
The culture of human dental pulp stem cells (hDPSCs) was carried out following the procedure method. The pulp tissues were pulverized and processed into the collagenase type I (3 mg/ml) solution and dispase (4 mg/ml) for 45-60 min at 37°C. The pulp cell suspension was attained through a 70-μm cell strainer, and it was pelleted and then incubated with Dulbecco's modified Eagle's medium (DMEM) (with fetal calf serum, penicillin, and streptomycin) growth medium in a moistened atmosphere (95% air and 5% CO 2 ). Non-attached cells were removed 2 days after the plating, and culture medium was changed every 3 days. For each experiment, a set of triplicate nanocomposite scaffolds was placed in 96-well culture plates. The hDPSCs were then planted, and the plates were then incubated at 37°C in a humidified atmosphere. After 24 h of incubation, the cell viability was observed using 3-(4, 5-dimethylthiazol-2-yl)-diphenyltetrazolium bromide (MTT) assay under Cell Proliferation Kit I. Ten microliters of MTT labeling reagent were added to each well and incubated for 3 h, and then, 100 µl of the solubilizing solution was added and kept for 12 h. The absorbance value was noted using a microplate reader for the cell viability diagram.
Results and discussion
FTIR and XRD analysis
In this work, a surface-functionalized nano-TiO 2 -coated PMMA/PEEK composite was synthesized and characterized by different spectroscopic (FTIR and XRD) and microscopic (SEM and TEM) techniques for analyzing structural changes and morphological changes with the assistance of nano-fillers. Figure 1 shows the FTIR spectra of the pure TiO 2 encapsulated with the PMMA/PEEK polymer matrixes after the polymerization process. The high intense peak at 1,732 cm −1 (stretching vibrations), which corresponds to ester carbonyl groups of PMMA polymer, and an absorption peak at 2,970-2,850 cm −1 are related to the symmetric and asymmetric stretching C-H vibration of methyl and methylene groups of PMMA matrix (Figure 1c) . The high intensity peak of 1,732 cm −1 has been slightly shifted to 1,760 cm −1 and increased the peak intensity in the spectrum of TiO 2 -PEEK/PMMA, which confirms the functionalization of TiO 2 by the carboxylic group. [34] The presence of polymer C-H (bending vibrations) groups was also confirmed by the peaks in the range of 1,440 and 1,385 cm The results from the XRD investigation of the pure nano-TiO 2 and nanoparticle-incorporated PEEK/PMMA nanocomposites are presented in Figure 2 . The diffraction signals of the synthesized samples are exhibited from 20°to 80°and product entailed of the characteristic diffraction patterns of anatase (JCPDS 21-1272) nano-crystalline TiO 2 structure. The XRD pattern analysis of nanocomposites (Figure 2c ) displays typical diffraction peaks of anatase TiO 2 nanoparticles, which confirmed that the crystalline TiO 2 nanoparticles are homogeneously dispersed into the PMMA/PEEK copolymer matrixes by emulsion polymerization. These results concluded that the crystalline structure of TiO 2 has not affected by the incorporation with polymer matrixes during polymerization.
SEM and TEM analyses
The surface morphology and dispersion of the synthesized TiO 2 nanoparticles onto PEEK/PMMA nanocomposite matrix were analyzed and displayed by the FE-SEM and TEM microscopic techniques. Typical differently magnified FE-SEM images of raw TiO 2 and anatase nano-TiO 2 -incorporated PEEK/ PMMA composites are shown in Figure 3 . The SEM image of TiO 2 -PEEK/PMMA (Figure 3a and b) exhibited that functionalized nanoparticles were effectively and uniformly dispersed into the polymer matrix in the absence of particle agglomeration. The EDX spectrum (Figure 3c ) of the composites contains the chief element peaks of Ti, which confirms the successful incorporation of TiO 2 nanoparticles onto the polymer matrixes, and the peaks of carbon (C) and oxygen (O) were confirmed the formation of polymers under polymerization process. The TEM micrograph (Figure 4 ) of both the functionalized TiO 2 and incorporated TiO 2 nanoparticles indicated that the average particle sizes probably are about 30-40 nm. PEEK/PMMA polymeric matrixes show spherical TiO 2 particles which appear as small dark particles over the light sheet-like background of polymer matrixes. The particles were monodispersed with a limited degree of aggregation. The TEM images clearly displayed the synthesized samples with the assistance of PEEK/PMMA polymers, which was monodispersed in nature with a very limited degree of agglomeration, and most of the nanoparticles are smooth spherical in nature.
Antibacterial activities and cytocompatibility
It is projected that the nano-TiO 2 -incorporated copolymeric matrixes have been effectively enhanced antibacterial activities compared to the pure anatase TiO 2 nanoparticles against two different bacterial pathogens such as S. aureus and E. coli. Figure 5 exhibits that the inactivation of bacterial cells on the functionalized TiO 2 -encapsulated polymer matrix surfaces visualized by CLSM images ( Figure 5 ). The survival percentage of bacterial growth can be calculated by % survival = B/A × 100. The surfacefunctionalized nanp-TiO 2 -PEEK/PMMA polymer nanocomposites have been given the excellent killing efficiency of 99% under dark conditions in the short time periods. Especially, the TiO 2 nanoparticles with PMMA polymeric group with the assistance of PEEK displayed excellent antibacterial efficacy because the selection of polymer groups in the nanocomposites provided support for the extra antimicrobial activity to the TiO 2 composites. The cytocompatibility of the synthesized nanocomposites has been demonstrated through the percentages of dental pulp cells survival after treated with different concentrations of synthesized samples. The TiO 2 nanoparticle-incorporated PEEK/PMMA nanocomposite has great cell survival percentages comparable to the PEEK/PMMA copolymeric composite in the absence of TiO 2 ( Figure 6 ). These results of cell viability with this nanocomposite have been suggested that TiO 2 Nanoparticles (NPs) are highly supported and promoted cell adhesion and spreading of dental pulp cells and it exhibited greater activity and promising for cell compatibility comparable to nanocomposites without NPs. Computer aided design-computer aided manufacturing substractive method was used for denture manufacturing in clinical practice with numerous disadvantages regarding more cost, central manufacturing, and importantly need for strong bonding between tooth and denture base with a high risk of bacterial pathogen adulteration. In recent researches, 3D printing technology habitually applied in dentistry model for engineering surgical patterns for dental implant supplement, provisional crowns, and resin replicas, and also, it has some more limitations due to the properties of the usage of photocatalytic materials. To overcome these problems in the dental material manufacturing, a nanocomposite prepared with effective and favorable TiO 2 nanoparticles loaded with PEEK/PMMA copolymer matrixes with improved antibacterial properties was projected and successfully exploited for preparing a stereolithographic dental prosthesis.
Conclusion
The bioactive copolymeric nanocomposite with carboxylic acid-functionalized nano-TiO 2 was successfully prepared through an emulsion polymerization process, and it has been employed to manufacturing a complete stereolithographic dental prosthesis. The spectral analyses are clearly established the successful functionalization of TiO 2 and also exhibited the monodispersed nature of particle structure. The microscopic investigations of nanocomposites visualized that particles are formed to spherically shaped with less degree of agglomeration under PEEK/PMMA copolymer matrixes. The bioactive functionalized TiO 2 nanoparticles are highly dispersed in the prepared dental composite materials, which has been excellently influenced bactericidal activity on the gram-positive and gram-negative bacterial pathogens and also altered the cytocompatibility properties with dental pulp cells. This facile synthesized nanocomposite was effectively employed for complete denture manufacturing with stereolitographic technique. 
